Sensory experience evokes long-lasting changes in neural circuits through activity-dependent gene expression. Ataman et al. (2016) report in Nature that primates evolved novel transcriptional responses to neuronal activity, including induction of musclin/osteocrin (OSTN), which may regulate specialized aspects of primate neural circuits.
Dramatic changes in brain structure and function have evolved along the primate lineage. Comparative studies have begun to explore molecular changes that influence brain size evolution. However, changes in neuron number alone cannot fully explain human cognitive specializations. Indeed, postnatal human brain development is characterized by a prolonged period of synaptic plasticity and delayed myelination. Sensory experience strongly influences neural circuit assembly and function during this period by inducing changes in gene expression in activated neurons (West and Greenberg, 2011) . Although human brain development is characterized by extensive plasticity, and activity-dependent gene expression changes may be impaired in a range of human neuropsychiatric disorders, few studies have examined whether specialized transcriptional responses to neuronal activity have evolved along the human lineage.
In a recent paper published in Nature, Ataman et al. (2016) explore whether neurons of the developing human cortex have distinct transcriptional responses compared with mouse and rat neurons by treating cultured cells from each species with elevated levels of potassium chloride. This treatment mimics the depolarization of neurons in response to activity and leads to increased intracellular calcium, which in turn activates downstream signaling pathways to induce immediate early gene expression. These immediate early genes then activate gene networks that can influence a range of developmental processes, including neurite outgrowth, synapse formation and maturation, or synapse elimination, all of which can alter the balance of excitation and inhibition. Immediate early genes have been used as a tool to study neural circuits activated in diverse behaviors across a range of vertebrates and recently invertebrates (Lutz and Robinson, 2013) , indicating the deep conservation of activity-dependent gene expression and select constituent genes. Against this backdrop of conservation, Ataman et al. (2016) use RNA sequencing to discover a small number of genes with a striking pattern of induction in activated human, but not rodent, neurons.
The most dramatic induction in activated human neurons relative to activated rodent neurons occurs in a gene called OSTN ( Figure 1A ). This gene was originally identified as osteocrin in a screen for secreted signaling peptides in bone (Thomas et al., 2003) and as musclin by a similar screen in skeletal muscle (Nishizawa et al., 2004) . In both tissues, expression is tightly regulated-by vitamin D in osteoblasts and by physical activity in fast-twitch glycolytic muscle fibers-and secretion modulates key aspects of physiology, including bone growth (Moffatt et al., 2007) and muscle aerobic capacity (Subbotina et al., 2015) . Ataman et al. (2016) discover that expression in primate brain is also highly specific, with enrichment in adult layer 4C excitatory neurons, and is tightly regulated, with calcium influx through L-type voltage-sensitive calcium channels increasing expression by over 100-fold. Using publicly available gene expression databases, Ataman et al. (2016) further show that OSTN expression peaks during the onset of synaptogenesis at mid and late stages of fetal development and remains high through adolescence but is largely restricted to neocortex and absent from subcortical structures.
Next, Ataman et al. (2016) explored whether changes in nearby cis-regulatory sequences or in upstream trans-acting factors could underlie the differences in gene expression observed between human and rodent neurons. They found that the 2 kb sequence directly upstream of human OSTN could drive activity-dependent reporter gene expression in both human and mouse neurons. In contrast, the corresponding mouse sequence could not drive reporter gene expression in cells from either species, indicating that cis-regulatory changes likely underlie expression differences. To identify causative sequence changes affecting OSTN expression, Ataman et al. (2016) examined truncated human constructs and found an essential 85 bp sequence controlling reporter gene expression. This sequence contains three predicted binding sites for MEF2 transcription factors and is enriched for MEF2 binding in human neurons. MEF2A, MEF2C, and MEF2D are strongly expressed in human and mouse neocortex and are activated by calcineurin following calcium influx. Mutations in the MEF2 binding motifs or inhibition of calcineurin blocked activity-dependent induction of the reporter gene. Interestingly, two of the three binding motifs contain derived sequence changes in anthropoid primates that support MEF2 binding, including mutations that disrupt sequences highly conserved in other mammals. Together, these results suggest that activity-dependent OSTN expression in neurons evolved through a small number of nucleotide substitutions
